ABSTRACT: Angiopoietin-like protein 4 (ANG-PTL4) is expressed in bovine ruminal epithelium, making it possible that dietary components or commensal microbes may influence gastrointestinal ANGPTL4 production via interactions at the mucosal surface. Therefore, we conducted 3 experiments to evaluate the effects of dietary concentrate level and VFA infusions on ANGPTL4 abundance in ruminal tissue. In Exp. 1, we assigned 12 nonlactating Holstein cows to either 8% or 64% concentrate diets; diets were fed 28 d before euthanasia and ruminal tissue collection. Ruminal tissue and plasma ANGPTL4 protein abundance were unaltered by treatment. In Exp. 2, we assigned 8 continental crossbred heifers to either a 45% or 90% concentrate diet; diets were fed for 75 d before euthanasia and ruminal tissue collection. Compared with the 45% concentrate diet, the 90% concentrate diet decreased (P < 0.01) ruminal tissue ANGPTL4 protein abundance. In Exp. 3, we assigned 6 ruminally cannulated lactating Holstein cows to a treatment sequence in replicated 3 × 3 Latin squares and fed a standard lactation diet. Cows were infused with 5 mol/d sodium acetate, sodium propionate, or sodium butyrate for 2 d. Infusions of VFA did not affect (P > 0.10) mRNA or protein abundance of ANGPTL4 in ruminal papillae. Ruminal papillae ANG-PTL4 abundance was, however, negatively correlated with (P = 0.01) ruminal VFA concentrations. ANGPTL4 abundance in ruminal tissue decreases in response to very high dietary concentrate and is inversely correlated with ruminal total VFA concentrations.
INTRODUCTION
Angiopoietin-like protein 4 (ANGPTL4) is a secreted protein belonging to the family of angiopoietinlike proteins (Kim et al., 2000) that has been recognized as a key player in the regulation of lipid and energy metabolism in mice and humans (Zhu et al., 2012) . Of particular interest, gastrointestinal microbes suppress ANGPTL4 expression in intestinal tissue of mice, resulting in increased cellular uptake of fatty acids and triglyceride accumulation in adipocytes (Bäckhed et al., 2004) . These findings suggest that host-microbe interactions in the gut play an important role in metabolic physiology and that ANGPTL4 may be a key player in these interactions. If such interactions are important in nonruminant animals, it is likely that they are even more critical in ruminants because of the massive and essential population of commensal microbes that inhabit the rumen. Therefore, it is of great interest to understand if ANGPTL4 mediates any of the effects of ruminal metabolism on the host animal.
We previously documented the expression of AN-GPTL4 in bovine ruminal epithelium (Mamedova et al., 2010) . Previous results in gut epithelial cells (Grootaert et al., 2011) , mice (Bäckhed et al., 2004) , and humans (Alex et al., 2014) , along with the observed expression of ANGPTL4 in ruminal tissue, raise the possibility that interactions between microbes and ruminal epithelial cells alter expression of ANGPTL4 in the rumen wall. Because changes in dietary concentrate level have dramatic effects on microbial ecology and the profile of VFA produced in the rumen, such diet changes provide a simple tool to assess whether these shifts influence ANGPTL4 expression; however, the many changes induced by shifts in diet concentrate level make it difficult to pinpoint the mechanisms driving alterations in epithelial function. Intraruminal VFA infusions offer the ability to test the effects of a change in metabolite concentrations independently without confounding differences in microbial populations or ruminal pH. Therefore, we conducted 3 experiments to evaluate how dietary concentrate level and specific VFA infusions affect the abundance of ANGPLT4 in ruminal tissue.
MATERIALS AND METHODS

Experimental Design and Treatment
Experiment. 1. In this experiment, we evaluated the effects of dietary concentrate level on ruminal and plasma abundance of ANGPTL4 in Holstein cows. The experimental design and procedures have been described previously (Penner et al., 2009; Taniguchi et al., 2010) . Briefly, 12 nonlactating, nongestating, ruminally cannulated Holstein cows were housed in tie stalls for the study. The animal experiments were performed at the Lethbridge Research Centre of Agriculture and AgriFood Canada (Lethbridge, AB, Canada), and all protocols were approved by the Lethbridge Research Centre Animal Care Committee. Cows were randomly assigned to either a low-concentrate (8% concentrate) or a highconcentrate (64% concentrate) diet (Table 1) after being blocked by age and body weight. Cows received their respective treatment diets for at least 28 d before slaughter. Ruminal pH was measured every 30 s for 3 consecutive days starting 5 d before slaughter using a ruminal pH monitoring system (Penner et al., 2006) . Ruminal fluid and plasma samples were collected every 9 h for the first 72 h of each collection period and were stored at -20°C for analysis. Ruminal fluid was prepared for analysis of VFA concentrations by gas chromatography; the detailed description of ruminal fluid collection and analysis was reported in Penner et al. (2009) . Cows were then euthanized, and samples of ruminal tissue, including the mucosal and submucosal layers of the ventral sac, were collected and frozen at -80°C for subsequent analysis.
Experiment 2. This experiment was designed to assess whether ruminal and plasma abundance of ANG-PTL4 is influenced by diet composition in beef cattle. Eight continental crossbred beef heifers were housed in 2 outdoor pens (grouped by diet) bedded with straw at the Lethbridge Research Centre of Agriculture and AgriFood Canada. All protocols were approved by the Lethbridge Research Centre Animal Care Committee. The heifers had been ruminally cannulated approximately 6 mo before starting the study. They were fed either a backgrounding diet (45% concentrate) or a finishing diet (90% concentrate), as shown in Table 1 , for 75 d. During the last 6 d of the feeding period, ruminal pH was monitored continuously using a ruminal pH monitoring system (Penner et al., 2006) . Ruminal content samples were taken just before feeding on the first day of the pH measurements and 6 h after feeding on the last day of pH measurements to measure ruminal VFA concentrations. Approximately 0.5 L of ruminal contents was obtained by hand from multiple sites within the rumen and strained through 2 layers of monofilament polyester screen (PECAP, pore size 355 mm; B & S H Thompson, Ville Mont-Royal, QC, Canada). Strained ruminal fluid (1.5 mL) was added to a 25% metaphosphoric acid (0.3 mL) solution and frozen at -20°C, and VFA were analyzed as described before (Penner et al., 2009 ). On the final day of the study, a blood sample (10 mL) was taken from the jugular vein of each animal, and the animals were then euthanized (700 kg final weight). Ruminal tissue samples, including the mucosal and submucosal layers, were collected from the ventral sac following euthanasia and frozen at -80°C for subsequent analysis.
Experiment 3. Six ruminally cannulated multiparous lactating Holstein cows from the Kansas State University Dairy Teaching and Research Facility were randomly assigned to a treatment sequence in replicated 3 × 3 Latin squares. Experimental procedures were approved by the Kansas State University Animal Care and Use Committee. Beginning 7 d before treatments started, cows were housed in tie stalls and fed a standard lactation diet formulated to meet all dietary requirements (NRC, 2001) , as shown in Table 1 . Cows were fed for ad libitum intake once daily (1600 h) and milked 3 times daily (0200, 1000, and 1800 h). Dry matter intake was recorded as the difference between feed offered and refused daily throughout the experiment, corrected for DM content. Metabolizable energy intake was determined on the basis of diet analysis according to NRC (2001) and ME values of infused VFA were determined according to Oba and Allen (2003) . The treatments were intraruminal infusions of sodium acetate, sodium propionate, and sodium butyrate (Sigma-Aldrich, St. Louis, MO). Treatment periods were 2 d in length, with 5 d between subsequent periods. In period 1, treatments were infused by intraruminal bolus (2 L, 0.83 M, pH 6.0) once every 4 h during the 2-d treatment periods, for a total infusion rate of 10 mol/d. This infusion rate was expected to have minimal effects on feed intake (Bradford, 2007) ; however, during period 1, DMI and calculated metabolizable energy intake were decreased by 24% and 19%, respectively, compared with pretreatment data (P < 0.01; data not shown). Therefore, in periods 2 and 3, the infusion rate was decreased to 5 mol/d by decreasing the infusion volume to 1 L per bolus at 4-h intervals for 48 h (12 total infusions).
Ruminal pH was measured with indwelling pH meters (Kahne Limited, Auckland, New Zealand), which recorded pH data every 5 min during treatment periods. Ruminal fluid was collected immediately before the first VFA infused and 4 h after the final infusion in each period by sampling ruminal contents from 6 sites throughout the rumen and squeezing them though a nylon screen (1-mm pore size). Ruminal fluid samples were frozen at -20°C until analysis for VFA as previously described (Mullins et al., 2010) . Blood samples were collected from coccygeal vessels into K 3 EDTA-containing tubes (Vacutainer, Becton Dickinson, Franklin Lakes, NJ) immediately following each ruminal fluid collection (0900 h). Plasma samples were harvested by centrifuging 2,000 × g for 15 min (24°C) immediately after sample collection and were frozen at -20°C until ANGPTL4 analysis. Ruminal papillae samples were collected after the final ruminal fluid and blood samples were collected in each period. Approximately one-third of the rumen contents were removed via the cannula to allow access to the ventral rumen wall. The ventral sac of the rumen was then pulled toward the cannula, and approximately 20 papillae were excised using surgical scissors. Papillae samples were immediately frozen in liquid nitrogen and subsequently stored at -80°C until analysis. Blood, ruminal fluid, and papillae sample collection took place approximately 4 h after the final treatment infusion.
Western Blot
Protein abundance of ANGPTL4 in ruminal papillae and plasma was analyzed as described previously (Mamedova et al., 2010) . Approximately 40-mg tissue samples were homogenized with radioimmunoprecipitation assay lysis buffer (Santa Cruz Biotechnology, Santa Cruz, CA) and X1 protease inhibitor cocktail (Thermo Scientific, Rockford, IL). Samples were centrifuged at 15,000 × g for 10 min at 4°C, and the supernatant was collected for total protein assay and Western blot. Total protein concentration was determined with a Coomassie protein assay kit (Pierce, Rockford, IL). Forty micrograms of supernatant protein or 1 μL of plasma samples were denatured in Laemmli sample buffer (Bio-Rad Laboratories Inc., Hercules, CA) including 5% 2-mercaptoethanol (Sigma-Aldrich). The mixture was incubated at 82°C for 7 min according to the manufacturer's directions for tissue isolates, but plasma samples were incubated at 95°C for decreased background signal. Then, proteins were separated by SDS-PAGE on a 4% to 12% Trisglycine gel. The separated proteins were dry-transferred to a nitrocellulose membrane (iBlot, Invitrogen, Carlsbad, CA). Membranes were blocked for 2 h in a solution of PBS containing 0.05% Tween-20 and 5% nonfat dry milk. Membranes were then incubated with a goat anti-ANGPTL4 antibody (1:1,000 dilution; Santa Cruz Biotechnology) followed by an anti-goat IgG secondary antibody (1:10,000 dilution; Santa Cruz Biotechnology). Both incubations were performed in Tris-HCl buffer, pH 7.5, with 0.05% Tween-20, and after each antibody incubation, membranes were washed with Tris-HCl buffer 5 times for a total of 15 min. Angiopoietin-like protein 4 was detected by using chemiluminescence (WestDura, Thermo Scientific), and relative protein abundance was determined by densitometry (Image J, NIH software, http://rsbweb.nih.gov/nih-image/). Western blot and densitometry analysis was also completed for β-tubulin as a loading control. Primary (1:500 dilution, rabbit polyclonal antibody; catalog number sc9104) and secondary (goat anti-rabbit IgG-HRP) antibodies were from Santa Cruz Biotehnology, and all other methods were identical to those described for ANGPTL4 analysis. ANGPTL4 was quantified on the basis of the ratio of ANGPTL4:β-tubulin densitometry units.
Quantitative Real-Time PCR
Transcript abundance was determined by quantitative real-time PCR for tissue samples from Exp. 3. Approximately 20-mg tissue samples were homogenized in 1 mL of QIAzol lysis reagent, and total RNA was extracted using affinity columns (RNeasy Lipid Tissue Mini Kit, Qiagen, Valencia, CA). Concentration and purity of RNA were determined by spectrophotometry (NanoDrop 1000, Thermo Scientific), and the 260/280 ratio exceeded 1.75 for all samples. Quality of RNA was assessed (Bioanalyzer, Agilent Technologies, Santa Clara, CA), and RNA integrity numbers values were 7.5 ± 0.5 (mean ± SD). Two micrograms of total RNA were reverse-transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Quantitative real-time PCR was performed in 96-well plates using Fast SYBR Green Master Mix (Applied Biosystems) with a 7500 Fast RealTime PCR System (Applied Biosystems). The mRNA abundance of ANGPTL4 was determined relative to the internal control genes ribosomal protein subunit 9 (RPS9), ribosomal protein subunit 15 (RPS15), and β-actin (ACTB), and the geometric mean of Cycles-tothreshold (Ct) values for these 3 internal control genes was used as the reference value. Forward and reverse primers were included at 200-nM final concentrations, and primer sequences were as follows: bovine ANG-PTL4: forward, GATGGCTCCGTGGACTTTAACC; reverse, GGATGTGATGCACCTTCTCCAG; bovine RPS9: forward, GAACAAACGTGAGGTCTGGAGG; reverse, ATTACCTTCGAACAGACGCCG; bovine RPS15: forward, GGCGGAAGTGGAACAGAAGA; reverse, GTAGCTGGTCGAGGTCTACG; bovine ACTB: forward, ACGACATGGAGAAGATCTGG; reverse, ATCTGGGTCATCTTCTCACG. Samples were analyzed in triplicate with a standard shuttle PCR protocol, 30 s at 95°C and 30 s at 60°C for 40 cycles. Relative gene expression was quantified using the 2 -∆Ct method. Efficiency values, determined by serial 2-fold dilutions of pooled samples (R 2 > 0.95), were as follows: ANG-PTL4, 1.87; RPS9, 1.84; RPS15, 1.94; ACTB, 1.92. To verify stable transcript abundance of the internal control genes, NormFinder software (Andersen et al., 2004) was used. Stability values were 0.317, 0.171, and 0.263 for RPS9, RPS15, and ACTB, respectively. The geometric mean of these 3 transcripts, used for normalizing target gene data, had a stability value of 0.092, indicating very stable expression patterns across time and treatments (Andersen et al., 2004) .
Statistical Analysis
Ruminal pH data were averaged across observation periods before analysis. Data were analyzed using the REML procedure of JMP (version 8.0, SAS Inst. Inc., Cary, NC). For Exp. 1, the model included the fixed effect of treatment and the random effect of block. For Exp. 2, the model included the fixed effect of treatment. For Exp. 3, because the infusion rate used in period 1 dramatically altered DMI and ME intake, only data from periods 2 and 3 were analyzed. In Exp. 3, feed intake, energy intake, and ANGPTL4 data were fit to a model including the fixed effect of treatment and the random effects of cow and period. In Exp. 3, ruminal VFA data were analyzed in the same manner, except that the pretreatment concentration of the variable of interest was also included as a covariate in the model. Residual distributions were checked for outliers in all analyses, and values with Studentized residuals >3 or <-3 were removed before final analysis; no more than 1 data point was removed from any analysis.
In addition to analysis of treatment effects, regression analyses were used to explore relationships between ruminal VFA concentrations and measures of ANGPTL4 abundance. For each regression analysis, the distribution of Cook's D statistic was visually checked, and outliers (Cook's D > 1) were removed from the analysis. No more than 1 data point was removed from any regression. Statistical tests were declared significant at P ≤ 0.05.
RESULTS
Experiments 1 and 2
Experiments 1 and 2 evaluated the effects of dietary concentrate level on ruminal tissue ANGPTL4 abundance. In Exp. 1, there were no effects on protein abundance of ANGPTL4 in ruminal tissue (Fig. 1A) or plasma (Fig. 1B) . We also failed to observe a significant association between ruminal and plasma ANGPTL4 protein abundance (R 2 = 0.14, P = 0.26). In Exp. 2, compared with the 45% concentrate diet, ruminal tissue AN-GPTL4 protein abundance was decreased by the 90% concentrate diet ( Fig. 2A) , but treatments had no effects on plasma ANGPTL4 protein abundance (Fig. 2B) . Protein abundance of ANGPTL4 in ruminal tissue was not correlated with ruminal total VFA concentrations (R 2 = 0.004, P = 0.88; data not shown). Ruminal tissue ANG-PTL4 protein abundance was positively correlated with ruminal pH (R 2 = 0.85, P < 0.01; data not shown).
Experiment 3
Across treatments, the VFA infusion rate at 5 mol/d did not alter DMI (22.8 vs. 24.3 ± 2.0 kg/d; P = 0.17) or ME intake (254 vs. 263 ± 22 MJ/d, including infusates; P = 0.46) compared with pretreatment. As shown in Table 2 , there were also no treatment effects of individual VFA on DMI (P = 0.12) or ME intake (P = 0.14). Ruminal pH was unaffected (P = 0.48) by treatments. The VFA infusions did not significantly increase ruminal concentrations of the infused VFA (Table 2) . No treatment effects were observed for total VFA concentrations, and there was no correlation between ruminal pH and total VFA concentration (P = 0.56; data not shown). Ruminal papillae ANGPTL4 mRNA, protein abundance of ANGPTL4, and plasma ANGPTL4 protein abundance were unaffected (P > 0.10) by VFA infusions (Table 3) . Ruminal papillae ANGPTL4 protein abundance was not correlated with ME intake (R 2 = 0.09, P = 0.36; data not shown) but was negatively correlated with total ruminal VFA concentrations (Fig. 3A) . Conversely, papillae ANGPTL4 mRNA abundance was positively correlated with total VFA concentrations (Fig. 3B) , and protein and mRNA relative abundance values were inversely associated in this tissue (Fig. 3C) .
DISCUSSION
Angiopoietin-like protein 4 plays an essential role in normal physiological function of the gastrointestinal tract. Deletion of ANGPTL4 resulted in significant injury to the intestines and intestinal lymphatic system when mice were fed a high-fat diet (Desai et al., 2007) . In mice lacking ANGPTL4, saturated fat induced a lethal phenotype characterized by peritonitis, intestinal fibrosis, and cachexia. Indeed, ANGPTL4 protects against dietary saturated fat-induced inflammation by inhibiting lipid uptake in mesenteric lymph nodes (Lichtenstein et al., 2010) . Recent studies have highlighted the interactive effects of gut microbes and ANGPTL4 on postabsorptive metabolism of the host. Microbe colonization of germ-free mice suppresses ANGPTL4 expression in the small intestine and decreases plasma ANGPTL4 concentrations, and the suppression of AN-GPTL4 was associated with increased lipoprotein lipase activity and adipose tissue fat storage (Bäckhed et al., 2004) . These findings suggest that ANGPTL4 mediates microbial regulation of energy homeostasis. Given that microbial fermentation products are the primary energy source for ruminants (Bergman, 1990) , ANGPTL4 may be important in bovine metabolic physiology.
In ruminants, changing diet composition dramatically alters ruminal fermentation and microbial ecology, which in turn affects ruminal variables such as pH and VFA concentrations (Russell and Rychlik, 2001 ). In Exp. 1, we evaluated the effects of dietary concentrate level on ANGPTL4 abundance in ruminal tissue and plasma. In dairy cattle fed a high-concentrate diet, ANGPTL4 protein abundance in ruminal tissue was unaffected by treatments. However, when an even higher concentrate diet was fed in Exp. 2, ruminal tissue protein abundance of ANGPTL4 was decreased in beef cattle. The finding that dietary concentrate level altered ruminal tissue AN-GPTL4 abundance is intriguing.
Although we cannot pinpoint the mechanisms through which dietary concentrate level affects ANG-PTL4 expression, several key factors, such as diet fermentability or VFA production, may be responsible for the treatment differences. Furthermore, because dietary changes can dramatically alter the populations of microbes in the rumen (Russell and Rychlik, 2001) , unique signaling factors produced by a subset of ruminal microorganisms or direct microbe and epithelium interactions 1 Determined relative to the geometric mean of ribosomal protein subunit 9 (RPS9), ribosomal protein subunit 15 (RPS15), and β-actin (ACTB) mRNA abundance by quantitative real-time PCR.
2 Determined relative to β-tubulin by Western blot and densitometry analysis.
3 Determined by Western blot and densitometry analysis for 1-µL samples of plasma. may contribute to the alterations of ANGPTL4 expression. As reported in a companion paper (Penner et al., 2009) , the treatments used in Exp. 1 successfully induced large differences in ruminal fermentation, as indicated by differences in total VFA concentrations, molar proportions of individual VFA, and ruminal pH. Specifically, the high-concentrate diet decreased ruminal pH (by 0.5 pH units; P < 0.01), increased total ruminal VFA concentrations by 24 mM (17% increase; P < 0.01), and increased (P < 0.05) the molar proportions of propionate and butyrate by 28% and 32%, respectively. Moreover, estimated propionate and butyrate absorption rates were greater (P < 0.05) for cows fed the high-concentrate diet compared with the low-concentrate diet. These findings indicate that a greater level of dietary concentrate increased VFA production and the capability of the ruminal epithelia to absorb VFA. Butyrate is unique among the VFA in that it is extensively metabolized by the ruminal epithelium and serves as a primary energy source for ruminal tissue (Kristensen, 2005; Aschenbach et al., 2011) . A recent study (Korecka et al., 2013) showed that butyrate enhances ANGPTL4 mRNA and protein expression in intestinal epithelial cell lines. In addition, oral administration of butyrate or colonization of germ-free mice with butyrate-producing bacteria increased intestinal ANGPTL4 expression. However, we were unable to detect significant relationships between butyrate or VFA concentrations and ruminal ANGPTL4 abundance in Exp. 1 or 2. Mechanistically, it seems plausible that dietary effects on ruminal ANGPTL4 could be driven by changes in VFA concentrations (Grootaert et al., 2011) , but microbial ecology also shifts dramatically as the rumen becomes more acidic because some species are more sensitive to inhibition by low pH than other species (Nagaraja and Titgemeyer, 2007) . Therefore, the observed effects of diet on ruminal ANGPTL4 expression may have been driven by dietary substrate, direct microbe and epithelium interactions, or specific VFA or other metabolites produced by particular species of ruminal microbes.
Circulating ANGPTL4 levels are induced by fasting, caloric restriction, and endurance exercise in humans (Kersten et al., 2009) . In dairy cows, adipose tissue mRNA abundance of ANGPTL4 consistently increased in response to decreasing energy balance across several different models of altered energy balance, suggesting a key role for this protein in the regulation of bovine energy metabolism (Koltes and Spurlock, 2012) . Evidence suggests that these responses are likely mediated by plasma NEFA. Jonker et al. (2013) reported that nutritional interventions associated with increases in circulating NEFA concentrations, by consumption of either a very low calorie diet or a high-fat, high-energy diet, also increased ANGPTL4 concentrations in humans. More convincingly, they found a positive correlation between the increase in ANGPTL4 and the increase in NEFA after dietary interventions. In the present experiments, we did not measure concentrations of plasma NEFA, but because all the cows were fed diets to meet their metabolizable energy requirements, we expect that NEFA levels were low in these animals and similar between treatments; furthermore, a direct causal relationship between plasma NEFA and ruminal tissue ANGPTL4 expression is unlikely. Interestingly, we found that cows fed high-concentrate diets had a 3-fold increase (P = 0.02) in plasma insulin concentrations (Penner et al., 2009) . Several lines of evidence (van Raalte et al., 2012; Brands et al., 2013) indicate that insulin reduces circulating ANGPTL4 levels. Because insulin often decreases plasma NEFA, the effect of insulin on plasma ANGPTL4 in most studies may be mediated by a decrease in NEFA, but some evidence suggests that insulin suppresses ANGPTL4 concentrations independent of NEFA (Mizutani et al., 2012; van Raalte et al., 2012) . Again, whether plasma insulin could directly contribute to the changes in ruminal tissue ANGPTL4 abundance is unclear. The fact that plasma ANGPTL4 abundance was unaffected by treatments makes it less likely that NEFA or insulin altered ANGPTL4 production.
To test 1 possible mechanism mediating the effect of diet on ruminal tissue ANGPTL4, we evaluated the effects of VFA infusions in Exp. 3. We did not observe effects of individual VFA on either ruminal or plasma ANGPTL4 abundance, but ruminal papillae ANGPTL4 protein abundance was negatively correlated with total ruminal VFA concentrations, whereas papillae AN-GPTL4 mRNA abundance was positively correlated with ruminal VFA. In general, infusions of individual VFA failed to clearly prove or disprove the hypothesis that they mediate dietary effects on ruminal ANGPTL4 expression, largely because of the difficulty of finding a VFA infusion rate capable of significantly increasing ruminal VFA concentrations without altering energy intake. In addition, we infused individual VFA for 2 d in this experiment; it is possible that longer VFA treatments might have resulted in different effects by altering ruminal tissue development or proliferation, given that ruminal epithelium turnover requires a minimum of 4 d (Goodlad, 1981) . Nevertheless, the link between suppression of ruminal ANGPTL4 protein abundance by a highly fermentable (high VFA production) diet in Exp. 2 and the negative inverse relationship between papillae ANGPLT4 protein and ruminal VFA concentration in Exp. 3 is worth noting.
Surprisingly, in Exp. 3, we observed an inverse relationship between mRNA and protein abundance for AN-GPTL4 in ruminal tissue. Current studies demonstrate a substantial role for regulatory processes beyond transcription, including posttranscriptional, translational, and protein degradation regulation, in controlling protein abundance (Vogel and Marcotte, 2012) . Therefore, regulatory controls at multiple levels likely contribute to the lack of consistency in changes of mRNA and protein abundance. One possible explanation for the discrepancy between mRNA and protein abundance could be that ANGPTL4 is secreted efficiently after being synthesized, thereby preventing an increase in protein abundance within ruminal tissue even if mRNA abundance is enhanced. Regulatory stimulation of both transcription and secretion could even increase mRNA abundance while decreasing cellular protein content. In support of this interpretation, a global analysis of mRNA and protein flux in mouse fibroblasts by Schwanhausser et al. (2011) revealed that relatively stable mRNA content and unstable protein content is a signature of secreted proteins, with only weak correlations observed between mRNA and protein abundance in this analysis. This added consideration complicates the interpretation of dietinduced alterations in ruminal ANGPTL4 abundance, at least in terms of potential impacts on peripheral tissues via endocrine effects.
In conclusion, Exp. 2 demonstrated that a very high concentrate diet decreased abundance of ANGPTL4 in ruminal tissue in cattle. Although changes in ruminal VFA profiles provide 1 possible mechanism underlying this response, we failed to detect effects of individual VFA infusions in Exp. 3. Nevertheless, we found that ruminal tissue ANGPTL4 abundance was negatively associated with ruminal total VFA concentrations, despite an opposite relationship with ANGPTL4 mRNA abundance. Angiopoietin-like protein 4 may play a role in linking ruminal metabolism to host physiology.
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